Here, we report a novel mechanism regulating migration of the anterior visceral endoderm (AVE) by BMP signaling through BMPRIA. In Bmpr1a-deficient (Bmpr-null) embryos, the AVE does not migrate at all. In embryos with an epiblast-specific deletion of Bmpr1a (Bmpr1a null/flox ; Sox2Cre embryos), the AVE cells migrate randomly from the distal end of embryos, resulting in an expansion of the AVE. Dkk1, which is normally expressed in the anterior proximal visceral endoderm (PxVE), is downregulated in Bmpr-null embryos, whereas it is circumferentially expressed in Bmpr1a ; Sox2Cre embryos at E5.5 restores expression patterns of Dkk1 and Cer1. These data indicate that BMP signaling in the epiblast induces Wnt3 and Wnt3a expression to maintain WNT signaling in the VE, resulting in downregulation of Dkk1 to establish the anterior expression domain. Thus, our results suggest that BMP signaling regulates the expression patterns of Dkk1 for anterior migration of the AVE.
Introduction
The process by which the anterior-posterior (A-P) body axis is determined during early mouse embryogenesis is of great interest not only because this step is the first body plan of post-implantation mouse embryos, but also because of the complicated nature of the molecular mechanism involved in the development of the anterior visceral endoderm (AVE) (Beddington and Robertson, 1999; Lu et al., 2001; Rossant and Tam, 2004) . The AVE is initially formed at the distal end of the visceral endoderm at E5.5 and migrates toward the anterior side of the embryo by E6.0, when the A-P axis becomes morphologically evident (Rivera-Perez et al., 2003; Srinivas et al., 2004) . NODAL signaling plays important roles in the formation and migration of the AVE Chen et al., 2006; Ding et al., 1998; Norris et al., 2002; Yamamoto et al., 2004) . WNT signaling also affects the migration of the AVE; to enhance or lower the WNT signaling asymmetrically induces unilateral migration of the AVE (KimuraYoshida et al., 2005) . However, there are many unanswered questions including whether other signaling pathway(s) function in the formation and migration of the AVE and how such pathways relate to NODAL signaling or WNT signaling in the process. For example, Bone Morphogenetic Protein (BMP) signaling is required for the maintenance of Nodal expression at E5.5 in the visceral endoderm (VE) (Di-Gregorio et al., 2007) . BMP signaling is also required for the expression of Wnt3 (Ben-Haim et al., 2006) , which elicits the majority of the WNT signaling that plays a critical role in migration of the AVE (Kimura-Yoshida et al., 2005) .
BMPs comprise a large subgroup within the TGF-beta superfamily. BMP signaling is involved in a variety of functions during developmental process (Kishigami and Mishina, 2005; Zhao, 2003) . Bmpr1a, which encodes a type I receptor for BMP2 and BMP4, is expressed in all tissues derived from the inner cell mass and trophoblast (Dewulf et al., 1995) and Bmp4 shows restricted expression in the extraembryonic ectoderm (Lawson et al., 1999) . Bmpr1a and Bmp4 constitute the major genes that define BMP signaling in early post-implantation development of mice. Mosaic inactivation of Bmpr1a in the epiblast revealed that Bmpr1a is required for proper recruitment of epiblast cells during gastrulation (Miura et al., 2006) . Deficiency of Bmpr1a in the epiblast may also affect VE development (Davis et al., 2004) . However, if and how BMP signaling participates in these critical functions during the development of the AVE is not well understood.
In this study, we investigated Bmpr1a deficient embryos (Bmprnull embryos) and embryos that lack Bmpr1a in an epiblast-specific manner (Bmpr1a null/flox ; Sox2Cre embryos) for a potential involvement of BMP signaling in the AVE development. The inactivation of Bmpr1a in the epiblast was carried out by recombination of a floxed allele for Bmpr1a (Mishina et al., 2002) with Cre recombinase expressed in Sox2-Cre transgenic mice (Hayashi et al., 2002) . Sox2-Cre drives more efficient Cre-mediated recombination from earlier stage of mouse development compared to Mox2-Cre (Hayashi et al., 2002) . We found that Bmpr-null embryos show no migration of the AVE, but Bmpr1a null/flox ; Sox2Cre embryos exhibit random migration of the AVE.
Bmpr1a in the VE is required for Dkk1 expression in the proximal VE (PxVE). On the other hand, BMP signaling in the epiblast positively regulates the expression of Wnt3 and Wnt3a in the presumptive posterior epiblast, which leads to a downregulation of Dkk1 in the overlying VE and the migration of AVE cells towards Dkk1-expressing cells in the presumptive anterior proximal VE.
Results
The AVE does not migrate in Bmpr-null embryos
Establishment of the A-P axis of the mouse embryo becomes apparent by the migration of the AVE that starts around E5.75 (RiveraPerez et al., 2003; Srinivas et al., 2004) . Although the AVE was formed in Bmpr-null embryos as indicated by the expression of Hex and Cer1, migration of the AVE was not observed in Bmpr-null embryos (Figs. 1A-D) (n = 6/6 for Hex, 5/5 for Cer1). Dkk1, expressed in a circular pattern in the PxVE in control embryos, was not expressed in Bmpr-null embryos at E5.5, indicating that Bmpr1a is required for its expression (Figs. 1E, F) (n = 5/5). These data indicate that Bmpr1a is required for the migration of the AVE.
A-P axis defect is observed in Bmpr1a null/flox ; Sox2Cre embryos
To address the role of BMP signaling in the epiblast for migration of the AVE, we next analyzed Bmpr1a null/flox ; Sox2Cre embryos that lack Bmpr1a in an epiblast-specific manner (Di-Gregorio et al., 2007) . Unlike Bmpr-null embryos, Bmpr1a null/flox ; Sox2Cre embryos initiate gastrulation to form germ layers (Di-Gregorio et al., 2007) (Figs. 2A-C) . Among forty Bmpr1a null/flox ; Sox2Cre embryos examined at E8.5, about half of them showed apparent A-P axis evidenced by the expression of Otx2 and histological analyses (Fig. 2B and data not shown). These embryos were morphologically similar to Bmpr-MORE embryos (mosaic inactivation of Bmpr1a in the epiblast) that we previously described (Miura et al., 2006) . The remaining Bmpr1a null/flox ; Sox2Cre embryos had a poorly extended body axis (Fig. 2C) . Such variability of the phenotypes may be due to a mixed background of the floxed allele for Bmpr1a. These embryos expressed germ layer markers such as Mox1, Foxa2 and Otx2 (data not shown), suggesting that all three germ layers are formed in Bmpr1a null/flox ; Sox2Cre embryos. Expressions of posterior markers, Brachyury, Cripto, and Lefty2, also showed two distinct patterns during gastrulation (Figs. 2D-L ; Sox2Cre embryos (3/9) (Di-Gregorio et al., 2007) , but all of the mutant embryos examined here showed comparable levels of expression despite the differences of expression domains Figs. 2H-I, 17/17). This may be due to the differences of genetic background, because we maintained the floxed allele for Bmpr1a in a mixed background. These results indicate that there was an A-P axis defect of the epiblast development in half of the Bmpr1a null/flox ; Sox2Cre embryos during gastrulation, leading to poor extension of the body axis by E8.5 (Figs. 2C) .
Next, we examined expressions of AVE markers such as Cer1, Hex at E6.0, since the AVE normally migrates to the anterior side of the embryo by this stage, as well as Dkk1 expression. Expression patterns of Cer1 and Hex showed that the AVE does not migrate in half of the Bmpr1a null/flox ; Sox2Cre embryos by E6.0 (3/5 for Cer1 and 7/15 for Hex) (Figs. 3B, F) . Dkk1 was expressed in the anterior PxVE of control embryos at E6.0 (Fig. 3K) . In Bmpr1a null/flox ; Sox2Cre embryos, Dkk1 was expressed circumferentially in the PxVE (3/6) ( Fig. 3L) . During E5.5 and 5.75, the Dkk1 expression pattern shows a dramatic change in normal development (KimuraYoshida et al., 2005) . In control embryos, Dkk1 expression was observed in a circular pattern in the PxVE at E5.5 (3/3) (Fig. 3G) . However, Dkk1 was strongly downregulated from most of the PxVE, leaving a small expression domain at the most anterior part of the PxVE at E5.75 (7/7) (Fig. 3I) . In contrast, Dkk1 was still expressed circularly in the PxVE in Bmpr1a null/flox ; Sox2Cre embryos (2/4 at E5.5, Fig. 3H , 4/8 at E5.75, Fig. 3J ), suggesting that downregulation of the Dkk1 did not occur at E5.75.
We further compared the changes in expression domains of Dkk1 along with migration of the AVE. At E5.65, 3 embryos out of 4 showed anteriorly shifted expression of Dkk1 (Fig. 3M) . In these embryos, the AVE marked by Cer1 was localized at the distal tip of the embryos (Fig. 3M, 2/3 ). At E5.75, the embryos showed anterior movement of the AVE (3/3) and such embryos also showed anteriorly shifted expression of Dkk1 (Fig. 3N) . At E6.25 and E6.5, Dkk1 was expressed as a horseshoe shape in a domain adjacent to upper part of the AVE of control embryos (Figs. 3O-R) . These results indicate that anterior shift of the expression domains of Dkk1 preceded migration of the AVE.
Expansion of the AVE caused by ectopic migration of the AVE cells in Bmpr1a null/flox ; Sox2Cre embryos By E6.5, the AVE further migrated anteriorly in control embryos (Figs. 4A, C, E, H). However, Cer1, Hesx1, Lefty1 and Hex expression (Thomas et al., 1998) . In Bmpr1a null/flox ; Sox2Cre embryos with an expanded Hex expression domain (Figs. 5I, K) (n = 3), DiI labeled cells, which were initially located at the distal end of the VE (Fig. 5G ), started to migrate randomly at 16 h ( WNT signaling is decreased in Bmpr1a null/flox ; Sox2Cre embryos
In Bmpr1a null/flox ; Sox2Cre embryos, Bmpr1a is disrupted only in the epiblast, but they show abnormal expression of Dkk1 in the PxVE. These facts prompted us to hypothesize that secreted factors whose expression is regulated by BMP signaling could be directly involved in the regulation of Dkk1 expression in the PxVE. We found that Wnt3 and Wnt3a were dramatically reduced in half of Bmpr1a null/flox ; Sox2Cre embryos at E5.5 (6/11) or E5.75 (2/4), respectively (Figs. 6B, D). To determine the status of WNT signaling, we first observed the expression of Axin2, one of target genes of WNT signaling, in E6.0 embryos (Lustig et al., 2002) . Axin2 expression was largely decreased in half of Bmpr1a null/flox ; Sox2Cre embryos (5/10) (Fig. 6F ). When cells received WNT signaling, beta-catenin is activated by inhibition of its phosphorylation (active beta-catenin). Presence of active betacatenin was examined using an antibody recognizing only the nonphosphorylated (active) form of beta-catenin in E6.75 embryos (Kimura-Yoshida et al., 2005) . In control embryos, active beta-catenin was observed in the posterior side of the embryo, but it was downregulated in the AVE (Fig. 6G ). The levels of active beta-catenin were drastically decreased in half of Bmpr1a null/flox ; Sox2Cre embryos (4/7) (Fig. 6H ). (Fischer et al., 2002) , we used this concentration throughout this experiment. In both control and Bmpr1a null/flox ;
Sox2Cre embryos, about 70% of embryos grew well regardless of being cultured with or without WNT3A protein and these embryos were subjected to further analysis. First, cultured embryos were tested for Dkk1 expression. In control embryos cultured with DR50 alone, Dkk1 was anteriorly expressed (8/8) (Fig. 6I) . However, in 50% of Bmpr1a null/flox ; Sox2Cre embryos cultured with DR50 alone, Dkk1 was expressed circumferentially (4/8) (Fig. 6J, Supplement Fig. 1 ). In cultured embryos with WNT3A protein, Axin2 expression was augmented in both control and Bmpr1a null/flox ; Sox2Cre embryos showing that WNT signaling was increased (Fig. 6Q) . Control embryos cultured with DR50 supplemented with WNT3A protein also expressed Dkk1 anteriorly (13/13) (Fig. 6M) . When WNT3A protein was added to the culture of Bmpr1a null/flox ; Sox2Cre embryos, Dkk1 was expressed anteriorly in 10/11 Bmpr1a null/flox ; Sox2Cre embryos (Fig. 6N, Supplement Fig. 1) . Cultured embryos were also tested for Cer1 expression. Expansion of the AVE was observed in 50% of cultured Bmpr1a null/flox ; Sox2Cre embryos with DR50 alone (2/4) (Fig. 6L) . However when cultured with WNT3A protein, 5/5 Bmpr1a null/flox ; Sox2Cre embryos displayed anterior migration of the AVE (Fig. 6P, Supplement Fig. 2 ). These results indicate that increased WNT signaling can restore anteriorly restricted expression of Dkk1 and migration of the AVE in Bmpr1a null/flox ; Sox2Cre embryos.
Discussion
In this paper, we showed that the expression of Dkk1 is significantly downregulated and the AVE does not migrate in Bmpr-null embryos. In contrast, Dkk1 is circumferentially expressed in the PxVE and the AVE migrates proximally and bilaterally in Bmpr1a null/flox ; Sox2Cre embryos Here, we present a model describing the function of BMP signaling in regulating AVE migration (Fig. 7) . In wild type embryos (WT), BMP signaling in the VE mediated by BMPRIA induces Dkk1 expression in the PxVE circumferentially. On the other hand, BMP signaling in the epiblast mediated by BMPRIA induces Wnt3 and Wnt3a expression in the epiblast to inhibit Dkk1 expression in the majority of the PxVE, except for the most anterior domain. The resulting anterior expression of the Dkk1 induces anterior migration of the AVE. Thus, Dkk1 is expressed in a domain adjacent to upper part of the AVE in wild type embryos. In Bmpr-null embryos (Bmpr-null), Dkk1expression is downregulated in the PxVE, resulting in lack of AVE migration. In Bmpr1a null/flox ; Sox2Cre embryos (Bmpr1a null/flox ; Sox2Cre), Wnt3 and Wnt3a are both downregulated and circumferential Dkk1 expression persists in the PxVE. Thus, the AVE cells migrate randomly toward PxVE resulting in an expansion of the AVE.
Similar to Bmpr-null embryos, migration of the AVE was not observed in half of the Bmpr1a null/flox ; Sox2Cre embryos by E6.0. However, different from Bmpr-null embryos, Dkk1 is circumferentially expressed in the PxVE. Then by E6.5, we observed abnormal migration of AVE cells towards the proximal portion of the embryo. In normal embryos, we showed that an anterior shift of the Dkk1 expression domain precedes migration of the AVE (Fig. 3) . All embryos that showed anterior movement of the AVE also showed anteriorrestricted expression of Dkk1. Thus, it appears that AVE cells are attracted by DKK1 protein or regions that produce DKK1. This is in good agreement with the recent report that the AVE tends to migrate toward the side of the embryo where DKK1 coated beads are attached (Kimura-Yoshida et al., 2005 Dkk1 is normally expressed circumferentially in the PxVE at E5.25-E5.5 and then at E5.75, its expression is largely downregulated and only observed in a small domain in the anterior PxVE (Figs. 1, 3, 4) (KimuraYoshida et al., 2005) . In Bmpr1a null/flox ; Sox2Cre embryos, Dkk1 is still expressed circumferentially in the PxVE at E5.75 and thereafter. This indicates that BMP signaling through BMPRIA is required for the downregulation of Dkk1 expression in the posterior PxVE. Because Bmpr1a is disrupted only in the epiblast, a secreted factor(s) that is a downstream target of BMP signaling in the epiblast is a suitable candidate that might directly regulate Dkk1 expression in the PxVE. Wnt3 is reported as a downstream target of BMP signaling during early mouse development (Ben-Haim et al., 2006) . We showed that Wnt3 and Wnt3a expression was strongly downregulated in Bmpr1a null/flox ; Sox2Cre embryos at E5.5 and E5.75, respectively. Further, we observed that addition of WNT3A protein to E5.5 Bmpr1a null/flox ; Sox2Cre embryos recovered anterior expression of Dkk1 and migration of the AVE. Therefore, we hypothesize that in normal development, WNT signaling is required to downregulate Dkk1 expression in the posterior PxVE by E5.75 and that this is a prerequisite for anterior migration of the AVE. This model is in good agreement with the fact that strong WNT signaling is detected in the VE of normal embryos at E5.5 and later (KimuraYoshida et al., 2005) . However, as Dkk1 mutant embryos develop the AVE normally (Mukhopadhyay et al., 2001) , we acknowledge that there should be other molecules, which function similar to Dkk1, expressing in the anterior PxVE at E5.75 to 6.0.
A recent report suggests that Wnt3 is required to maintain Dkk1 expression in the anterior PxVE. In Wnt3−/− embryos, expression of Dkk1 is not detected when examined at E6.5-E7.25 (Lewis et al., 2008) . Wnt3 seems to directly regulate Dkk1 expression since the Dkk1 promoter contains a T cell factor site through which WNT signaling up-regulates Dkk1 expression in vitro (Niida et al., 2004) . However, in Bmpr1a null/flox ; Sox2Cre embryos, despite the decreased WNT signaling at E5.5-6.0, Dkk1 is expressed at comparable levels to those of controls. One possible explanation for this discrepancy is that initiation of Dkk1 expression at E5.5 (or earlier) is Wnt-independent or requires a very limited amount of WNT proteins. It is also possible that Bmpr1a null/flox ; Sox2Cre embryos may produce levels of WNT signaling that are not detectable, but are enough to induce Dkk1. Dkk1 expression in the Wnt3 null embryos at E5.5 is not reported, but these experiments should shed light on this matter.
It is noteworthy that Dkk1 expression is still maintained in the anterior PxVE after shifting the expression of Wnt3 to the posterior side of the embryo at E5. 75-6.0 (Rivera-Perez and Magnuson, 2005) . Similarly, Dkk1 is expressed in the anterior PxVE during E6.5-E7.5, when WNT signaling is not observed in the anterior side of the embryo (Kimura-Yoshida et al., 2005) . Together these observations suggest that WNT signaling is not required (or a very limited amount is required) to maintain Dkk1 expression at E5.75 and thereafter, and this may explain the discrepancy of Dkk1 expression despite undetectable levels of WNT signaling found in the VE of Bmpr1a null/flox ; Sox2Cre embryos. As shown in Fig. 1, Dkk1 is not expressed in the VE of Bmpr1a null embryos. Because Bmpr1a in the VE of Bmpr1a fx/−; Sox2-Cre embryos is functional, it is an interesting ; Sox2Cre embryos out of five, a subtle, yet random movement of the DiI labeled cells and the AVE were observed at 16 h (H-I). At 40 h, the AVE cells migrate randomly from distal end of the VE and were found scattered in embryonic VE (J, arrowheads). Hex-expressing cells (K, arrowheads) show co-localization with DiI labeled cells (L, arrowheads) . Note that the size of the embryonic portion of cultured embryos tends to be smaller than the extraembryonic portion when E5.5 embryos are cultured to gastrulation stage (Miura and Mishina, 2003) . Bars = 100 µm in A-L.
possibility that BMP signaling in the VE is involved in induction and/or maintenance of Dkk1 expression in the VE.
Our results strongly suggest that Wnt3 and Wnt3a contribute to the anterior restriction of the expression of Dkk1 before anterior migration of the AVE. Then, how Dkk1 expression is maintained in the anterior PxVE? One possibility is that there is an unknown factor that positively regulates Dkk1 expression in the anterior PxVE at E5.75 and thereafter. The positive regulation of Dkk1 expression in the anterior PxVE probably overcomes the inhibitory effect exerted by the expression of Wnt3 and Wnt3a or exogenous WNT3A protein on Dkk1 expression. Although Otx2 induces Dkk1 expression, its expression is not limited to anterior side of the embryo in the pre-streak stage. Therefore, Otx2 alone may not be a regulator for the anterior shift of Dkk1 expression. The identification of such regulator(s) of Dkk1 expression would be a great success to solve one of the most challenging questions in developmental biology, the mechanism of AVE movement.
Materials and methods

Mouse
Mouse strains and genotyping were described elsewhere (Hayashi et al., 2002; Mishina et al., 2002 Mishina et al., , 1995 Rodriguez et al., 2001) . Floxed allele for Bmpr1a was used as a mixed background of 129SV, C57BL/6 and Swiss strains. Timed mating was set up between males heterozygous null for Bmpr1a carrying Sox2-Cre and females homozygous for the floxed allele for Bmpr1a. Compound homozygous females for the floxed allele for Bmpr1a and Hex-GFP transgene were used for some of the experiments. Embryos were genotyped for the presence of the null allele and Sox2-Cre. Cre-dependent deletion of Bmpr1a was confirmed by PCR using appropriate primers (Mishina et al., 2002) . All mouse experiments were performed in accordance with NIEHS/NIH guidelines covering the humane care and use of animals in research.
Whole mount in situ hybridization
Whole mount in situ hybridization was performed as described previously (Belo et al., 1997) . Probes used were Otx2 (Ang et al., 1996) , Brachyury (Wilkinson et al., 1990) , Cripto (Ding et al., 1998) , Lefty2 (Meno et al., 1999) , Cer1 (Shawlot et al., 1998) , Dkk1 (Glinka et al., 1998) , Wnt3 (Liu et al., 1999) , Wnt3a (Yamaguchi et al., 1999) and Axin2 (Lustig et al., 2002) .
Immunohistochemistry
E6.75 embryos were fixed in 4% paraformaldehyde, dehydrated through graded alcohol and embedded in paraffin. Sections (5 μm) were deparaffinized, and stained with biotinylated anti-active beta-catenin antibody (Millipore, ×100 dilution) using Mouse on Mouse Biotinylation Double Stain kit (Biocare) according to manufacturer's protocols.
Embryo culture and cell lineage analysis
Embryos were harvested in dissecting medium (Miura and Mishina, 2003) and cultured in DMEM with 50% rat serum (DR50) or DR50 supplied with WNT3A (R&D) at a concentration of 50 ng/ml, respectively in a 4-well dish (Nunc) under 5% CO 2 at 37°C. Cell lineage analysis was done as described before (Wilson and Beddington, 1996) . Briefly, 0.5% stock solution of 1,1′-dioctadecyl-3,3,3′,3′-tetramethyindocarbocyanine perchlorate (DiI) (Molecular Probes, Eugene, OR) in 100% ethanol was diluted tenfold with 0.3 M sucrose before use. Then, 0.05% DiI solution was introduced into a 5 μm diameter glass needle. expression remains in the PxVE. Thus, the AVE cells migrate bilaterally toward PxVE. In both cases, embryos fail to establish a normal A-P axis due to the abnormal migration of the AVE (no migration in Bmpr-null embryos, random migration in Bmpr1a null/flox ; Sox2Cre embryos). The needle was attached to the distal VE of the E5.5 embryo and DiI was released to label the tissue. Then, these embryos were cultured with DR50 in a 4-well set (Nunc) in a 5% CO2 incubator at 37°C. After culture, embryos were placed in phosphate buffered saline (PBS) and observed with an inverted microscope (Leica) under light or Ultra Violet and pictured with appropriate filters.
RT-PCR analysis
Total RNA was extracted from each cultured embryo using PicoPure RNA isolation kit (Arkus). Total RNA harvested was measured with Nanodrop 1000 (ThemoScientific) and the same amount of total RNA was used for each RT-PCR reaction. RT-PCR was performed using One step RT-PCR kit (Qiagen) according to manufacturer's protocol. Axin2 primers are Axin2F (5′-ACCAGCAC-CACCACCATCAGCAGT-3′) and Axin2R (5′-ACTGTCTCGTCGTCCCA-GATCTCC-3′) that yield 1221 bp product.
